Abstract: Utilizing symmetric compression in time-frequency space, we can eliminate the crosstalk between real and imaginary components, and thus simplify the decoding complexity significantly in a non-orthogonal discrete multi-tone transmission system. The experiments are also demonstrated for an intensity-modulated direct detection system with the decoding complexity decreased to 1/4 for 13.8 Gbit/s QPSK and 1/8 for 27.6 Gbit/s 16-QAM with 1310 nm transmission over 40 km SMF.
Introduction
The ever increasing demand of world-wide communication has been persistently pushing the optical communication techniques to the ultimate Shannon limit, in which the final 1.53 dB gap is the constellation shaping gain. This shaping gain arises from the uniform distribution of QAM constellation [1] . Apart from designing new constellations, there are two approaches to obtaining the shaping gain for QAM: probability constellation shaping (PCS) for high order QAM, and faster than Nyquist (FTN) or spectrally efficient frequency division multiplexing (SEFDM) for low order QAM. In a FTN/SEFDM system, the performance is unaffected with 20% or less bandwidth/symbol duration compression [2] - [4] . In the scenario of intensity modulated-direct detection (IM-DD), SEFDM is more suitable than FTN because of the presence of frequency selective fading induced by chromatic dispersion. Compared with the SEFDM, the original OFDM symbol is a multi-dimensional constellation in which the subcarriers are orthogonal with each other. By truncating this OFDM symbol in time domain to obtain a SEFDM symbol, the original subcarriers are projected to a new space with fewer degrees of freedom (DoFs) and are not orthogonal any more, thus creating a new multi-dimensional lattice constellation in fewer DoFs, with optimized distribution. And similarly, FTN forms such multi-dimensional lattice over much more DoFs.
In the previous work, we exploited the use of SEFDM in single side band (SSB) modulation and transmission for short reach optical inter-connection system [5] . In order to eliminate the InterCarrier Interference (ICI) caused by subcarrier spacing compression, cascaded binary iterative detection (CBID) and fixed sphere decoding (FSD) are used for coarse estimation and fine search, respectively. However, the decoding complexity of FSD is too high for practical implementation and the SEFDM performs single side spectrum compression, preventing the adapting of DMT without modification.
In this paper, we exploit the use of non-orthogonal discrete multi-tone (NoDMT) for short reach optical inter-connection IM-DD system with high spectral efficiency. Compared with the traditional OFDM and DMT, we propose three modifications in the adaption from SEFDM to DMT. Firstly, as the frequency indices in inverse fractional Fourier transform (IFrFT) are non-negative, the SEFDM proposed in [3] performs single side compression in frequency domain and one cannot obtain realvalued time domain signal by transmitting conjugated subcarrier pairs as in DMT. This is solved by altering the frequency indices to be symmetric with 0. Secondly, we change the time indices in IFrFT to be symmetric with 0 as well, so that the cross-talk between in-phase and quadrature components is avoided and the decoding of a QAM signal can be simplified to the decoding of two PAM signals. Thus the decoding complexity is decreased to 1/4 for QPSK and 1/8 for 16-QAM. Thirdly, we show that after compression, the conjugated subcarrier pairs would cause additional penalty. Hence in NoDMT, the real and imaginary parts of a frame are separated into two real frames and transmitted consecutively. Finally, we verify the proposed NoDMT scheme in 13.8 Gbit/s QPSK and 27.6 Gbit/s 16-QAM IM-DD systems at 1310 nm transmitted over 40 km SMF.
Principle
The traditional SEFDM is defined by the IFrFT as (1) [6] , which is a N F F T -point IFFT operation in which the inputs and outputs are truncated to N t points. There are 2N sc + 1 subcarriers loaded with information s n , 0 ࣘ n ࣘ 2Nsc. And α = N t /N FFT is the compression ratio.
Interpret (1) in vector form yields
where F is the N t × (2N sc + 1) truncated N F F T -point IFFT matrix, and F † is the corresponding truncated FFT matrix. Let C = F † F be the correlation matrix. When α = 1, we have C = I, where I is unitary matrix. When α < 1, there exists ICI which manifests itself as the off-diagonal elements in C. For an SEFDM system, the received signal can be expressed as
where r is the demodulated signal and z is white Gaussian noise. Theoretically, recovering s from r can be done by maximum likelihood sequence detection (MLSD). However, a full MLSD is prohibited as the computational complexity grows exponentially with the searching depth. Hence the iterative detection-fixed sphere decoder (ID-FSD) algorithm is proposed to approximate the MLSD performance with significantly lower computational complexity [7] , [8] . In the ID stage, r is passed into CBID to get a coarse estimate sequence s CB I D and the corresponding estimation error is [5] Letŝ
be the estimate result s CB I D biased with the estimation error. When CB I D is small, we have
Using Cholesky decomposition, we can solve an upper triangular matrix L from
Inserting (6) and (7) into (4), the searching criteria becomes
where O is constellation cardinality,s CB I D −F SD is the output of FSD. Then FSD is used to perform a fine search with cost function upper-bounded by CB I D and searching depth upper-bounded by a pre-set value w. Then the decoding complexity is proportional to the tree width (TW), where M is the modulation order. A more detailed introduction of FSD can be found in [7] , [9] , [10] . Although ID-FSD can effectively decrease the decoding complexity compared with MLSD, the decoding complexity is still much higher than the traditional OFDM, especially when the modulation format is upgraded from QPSK to 16-QAM.
In order to further decrease the decoding complexity of SEFDM, we propose to change the time and frequency indices in (1) to be symmetric as
in which N t is an odd number. As the result of (9), C becomes a real matrix, which means there is no interference between the in-phase and quadrature components. Then the decoding of a QAM signal can be simplified to the decoding of two PAM signals. As for M-QAM signal, the decoding complexity of FSD is proportional to TW, the decoding complexity can be reduced by a factor of √ M with symmetric compression. In addition, since the correlation matrix C becomes real and all complex operations can be avoided, the decoding complexity is reduced by another factor of 2. Hence the decoding complexity for QPSK and 16-QAM is decreased to 1/4 and 1/8, respectively.
In order to examine the performance with symmetric compression, simulations for 16-QAM SEFDM signal are carried out with identical TW for both cases. As shown in Fig. 1 , the performance with symmetric compression is significantly improved, especially for low compression ratio and high SNR.
As we moving the scenario from SEFDM to compressed DMT, an ordinary way is transmitting the Hermitian conjugate signal in the frequency domain so that the time domain signal is real, as one switching from OFDM to DMT. In this case, the compressed DMT signal can be expressed as
As the index of k is symmetric, the cosine and sine components will not beat with each other. However, due to the joint effect of spectrum compression and frequency domain Hermitian conjugate, C cos and C sin becomes irregular, as shown in Table 1 and Table 2 . Both the diagonal and off-diagonal terms have fluctuations, indicating that both the channel power and cross-talk vary depending on the channel indices. And consequently this would cause a penalty. Actually, one can easily show that (C cos + C sin )/2 is equal to an ordinary correlation matrix C with halved N sc and N F F T , as shown in Table 3 . And the fluctuation in C cos and C sin mainly appears at low frequencies. When N sc grows, the lower right part of the C cos and C sin will converge to that of C. In order to cope with the irregular C cos and C sin , we propose to generate NoDMT signal by sending the in-phase and quadrature of SEFDM frames consecutively, with symmetric compression as Eq. (9) . As shown in Fig. 2, for N 0 ∼ (N t − 1)/2 indices are transmitted. Finally, the real and imaginary parts of the N t complex samples are sent consecutively. As shown in Fig. 3 , the proposed NoDMT using (9) has better performance than the compressed DMT using Eq. (10). Fig. 4(a) shows the experimental set up of the proposed NoDMT. Here we set N FFT = 29, N sc = 8. At the transmitter, the NoDMT signal is generated by Tektronix 70002A arbitrary waveform generator (AWG) at 25 GSa/s, and amplified by a linear broadband electrical amplifier (EA) SHF807 with 24 dB gain. Then a HLT-DML-1310-5-0-1-FA directly modulated semiconductor laser (DML) is fed with the NoDMT signal. As the laser is operating at 1310 nm, the chromatic dispersion is zero after fiber transmission. For NoDMT systems with 6.9 G baud rate, the bandwidth and corresponding compression ratio are set to be 6.9 GHz (α = 1), 6.21 GHz (α = 0.9), 5.52 GHz (α = 0.8) and 4.83 GHz (α = 0.7), respectively. After transmitted over 40 km standard single-mode fiber (SMF) the signal is detected by an Agilent 11982A photo diode. Then the electrical signal is sampled by a LeCroy LabMaster 10-36Zi-A oscilloscope and processed offline. Fig. 4(b) shows the structure of DSP at transmitter and receiver.
Experimental Setup and Results
Figs. 5 and Fig. 6 shows the BER performances of QPSK NoDMT signal back-to-back (B2B) and transmission over 40 km SMF. We can see that for 13.8 Gbit/s QPSK signal, the system can between α = 1 and α = 0.8 is around 2.1 dB. In Fig. 8 , the OSNR penalty of 16-QAM signal over 40 km SMF at BER = 1.0 × 10 −3 between α = 1 and α = 0.8 is around 1.9 dB, which is consistent with the previous simulation results.
Conclusion
In summary, NoDMT generation scheme without crosstalk between the in-phase and quadrature components is proposed. Thus the decoding at the received can be simplified to two real-valued CBID-FSD. The simulation and experiment results show that symmetric compression signals can achieve substantial performance improvement at a quite small search depth. Besides, compared with single side compression signal, the detection complexity of NoDMT signal is reduced to 1/4 ∼ 1/8 for QPSK and 16-QAM respectively given the same searching tree width. In addition, 27.6 Gbit/s 16-QAM NoDMT optical inter-connection system transmission over 40 km SMF are demonstrated.
